been increasing (37). Supraclavicular traction injuries occur in 75% of the patients with brachial plexus injury (11, 35). Around 55% of the supraclavicular injuries involve all five roots, resulting in a flail limb (total brachial plexus paralysis) (35). About 45% of upper brachial plexus injuries in adults involve the C5-C6 and/or C7 roots (35). Upper brachial plexus █ INTRODUCTION T raumatic brachial plexus injuries can have tremendous effects on function of the upper extremity (2, 11, 19) . In recent years, with the development of high-speed vehicles and motor sports, the frequency of these injuries has AIm: To compare the results of nerve grafting versus common infraclavicular intraplexal nerve transfer in elbow flexion restoration.
injuries leads to denervation of the brachialis, biceps, rotator cuff muscles and deltoid. If C7 root is involved, it results in loss of forearm musculature and triceps (1, 10) .
Functionally, the restoration of elbow flexion is the priority in adult patients, followed by the restoration of shoulder abduction and stability, and then by the external rotation of the shoulder (10) .
The treatment options include neurolysis, direct nerve repair, nerve grafting, and nerve transfer (11, 19, 20) . However, since the majority of these injuries are traction or avulsion injuries, nerve transfer is usually the only option for satisfactory recovery. Nerve transfer is a surgical method for restoring nerve function using a functionally less important but healthy nerve to re-innervate the injured nerve which is functionally more important. This method involves re-direction of an intact motor nerve from one muscle to the distal undamaged portion of a nerve from another, effectively bypassing the injured nerve segment. Neurolysis can be effective when the nerve damage or incomplete recovery is a result of developing scar tissue, or to alleviate pain (37) . Direct nerve repair and nerve grafting are not appropriate for these kinds of injuries because in the majority of cases they involve long segments of the trunks, divisions or cords, and may be segmental in nature. Long grafts often cannot be acquired, and most authors indicate that shorter grafts (<10 cm) result in more favorable outcomes (35). But in infraganglionary brachial plexus lesions, with viable proximal stump C5, we should consider using it as a donor for nerve grafting. Usually, the medial cutaneal antebrachial nerve or the sural nerve are used as grafts. According to functional priorities, the targeted nerves to be re-innervated are the musculocutaneous nerve, the axillary nerve and the suprascapular nerve.
The restoration of elbow flexion may be obtained through the re-innervation of the musculocutaneous nerve or its branches to the biceps and/or brachialis muscles.
An optimal method for nerve transfer has not yet been established. Generally, there are two types of donors: extraplexal, including intercostal, phrenic, spinal accessory, motor branches of the cervical plexus, or collateral C7 spinal nerve, and intraplexal, including proximal spinal nerve stumps or collateral motor branches of the brachial plexus and the fascicles of the ulnar and median nerves, whereby the latter two are distal forms of the intraplexal nerve transfer (26) . According to recent reports, fascicular and nerve transfers using collateral branches of the brachial plexus yield superior results in comparison to nerve grafts (5, 31) , although graft repair can also give favorable results, especially at the level of cords and their outflows (10) .
The main advantages of nerve transfer in comparison to graft repair include (10, 28, 29) : However, there are also some disadvantages of nerve transfer, including donor site morbidity, especially when the innervated muscle has a suboptimal function, the fact that this muscle is no more suitable for transfer, and the need for central reeducation (10, 29) .
The aim of this study is to present 39 cases of common intraplexal nerve transfers and nerve grafting for the reinnervation of the musculocutaneous nerve, and to compare the results of nerve grafting vs. common infraclavicular intraplexal nerve transfer in elbow flexion restoration.
█ mATERIAl and mEThODS
Patient Selection and Preoperative Evaluation
This study included 39 patients with upper brachial plexus palsy who were operated at the Clinic for Neurosurgery, Clinical Center of Serbia, in the period from 2004 to 2014, using common intraplexal nerve transfer, i.e. the Oberlin procedure and thoracodorsal and medial pectoral nerve transfer to the musculocutaneous nerve (30 cases), or grafting of C5 to the musculocutaneous nerve (9 cases), for elbow flexion restoration.
All patients underwent detailed preoperative evaluation, which included clinical and neurological examination, electrophysiological investigation and neuroradiological studies.
The choice of appropriate nerve transfer for every patient was made having in mind the following characteristics:
l An expendable nerve with muscle strength of at least M4; l A nerve near the motor end plate of the target muscle; l A nerve with many pure motor axons and with a preferable donor to recipient nerve axon count ratio > 0.7; l An appropriate size match between the donor and the recipient nerve; l Synergistic action with the target muscle to facilitate motor re-education, although this can also be achieved with an antagonistic muscle.
The choice of appropriate C5 proximal stump as a donor for C5-musculocutaneous nerve autotransplantation was made having in mind the following characteristics: 
Surgical Procedures
In all 30 cases of common infraclavicular nerve transfers, we achieved tension free direct coaptation with 10.0 sutures and fibrin glue. In the Oberlin procedures, we connected one fascicle of the ulnar nerve to the branch of the musculocutaneous nerve to the biceps brachi muscle. In thoracodorsal nerve and medial pectoral nerve transfers, we connected these nerves to the main trunk of the musculocutaneous nerve.
In the 9 grafting cases, in order to avoid diameter mismatch and to make the cross-sections of the nerves compatible, we used the medial antebrachial cutaneous nerve and the sural nerve in a double grafting procedure for direct transplantation of C5 to the musculocutaneous nerve, with the use of 10.0 suturing and fibrin glue. The average length of the nerve grafts was 10.0±1.3 cm.
Postoperative Examination
Physical treatment was conducted in all patients after surgery. Final evaluation of the achieved recovery of elbow flexion was done two years after surgery. The patients were evaluated using the British Medical Council Scale (M0-M5) (27) (Table I) .
Statistics
Methods used for statistical analysis in this study were methods of descriptive and analytical statistics. The choice of methods of analytical statistics (parametric and nonparametric tests) depended on the nature of the observed characteristics. For attributive features, Pearson's X² test was used, with Fisher's correction in the case of low prevalence of the investigated characteristics, and for statistical analysis of numerical characteristics the Student t test was used. Examined variables were considered statistically significant if the probability of risk for accidental difference between empirical and theoretical values was less than 0.05 (p <0.05).
█ RESUlTS
Among the 39 patients included in the study, there was a distinct male preponderance, 34 males vs. 5 females. In 24 cases, the injured arm was the dominant one, while in the remaining 15 cases the injured arm was non-dominant.
There were 34 (87.2%) cases with supraclavicular and 5 (12.8%) cases with infraclavicular brachial plexus lesions.
In terms of age, two thirds of patients were young and healthy before the injury (66.7% under 40 years of age). Thereby, the majority of patients, 36 of them, were in the group of working population (18-60 years old) (Table II) .
In 20 cases (51.3%) there occurred extensive associated injuries, in 7 cases (17.9%) there were minor associated injuries, and the remaining 12 cases (30.8%) had no associated injuries (Table III) . Extensive injuries included bone injuries requiring surgical treatment, injuries to major blood vessels and soft tissue injuries with defects. Minor injuries included bone injuries not requiring surgical treatment.
Concerning the timing of surgical treatment, the majority of patients (22 patients) were treated in the period of 3 to 6 months after injury (56.4%) ( Table IV) .
As for the distribution of the surgical procedures used, the Oberlin procedure was performed in 12 cases (30.8%), grafting of C5 to the musculocutaneous nerve in 9 cases (23.1%), pectoralis medialis nerve transfer in 17 cases (43.6%), and thoracodorsal nerve transfer in only one case (2.6%) ( Table V) .
Concerning the purpose of this study, we divided patients in two groups: the first group of 30 patients in whom we performed common intraplexal nerve transfer (pectoral medial nerve transfer, thoracodorsal nerve transfer and Oberlin procedure) and the second group of 9 patients in whom we performed nerve grafting of C5 to musculocutaneous nerve (Table VI) .
The achieved recovery of elbow flexion was as follows: perceptible contraction in proximal and distal muscles (M2) in 6 patients (15.4%), full act against gravity (M3) in 11 patients (28.2%), power to act against strong resistance (M4) in 13 patients (33.3%), and full recovery of all muscles (M5) in 9 patients (23,1%). There were no patients without noted recovery (M0/M1) (Table VII) .
In order to compare the elbow flexion restoration results of common infraclavicular intraplexal nerve transfer vs. nerve grafting, we first conducted a statistical analysis for the two respective groups of patients with regard to other factors that could influence the treatment outcome: age, the timing of surgery, and the extensity of associated injuries. The analysis showed that there was no significant statistical difference between the intraplexal nerve transfer and nerve grafting groups concerning these additional factors -specifically, regarding age: p=0.438, p>0.05; regarding the timing of surgery: p=0.665, p>0.05; and regarding the extensity of associated injuries: p= 0.103, p>0.05.
As shown in Table VI , we achieved functional satisfactory recovery (M3, M4, M5) in 29 of 30 patients (96.7%) in the common intraplexal nerve transfer group, and in 4 of 9 patients in the nerve grafting group (44.4.%). In other words, with regard to functional recovery, there was a statistically significant difference between these two groups (p=0.001; p<0.05), in favor of common intraplexal nerve transfers over C5 grafting to the musculocutaneous nerve.
Comparing each procedure individually (Table VII) , the highest percentage of satisfactory functional recovery (M3,M4,M5) was achieved with Oberlin procedure and thoracodorsalis nerve transfer (100%), followed by pectoral medial nerve transfer (94%), whereby with C5 to musculocutaneous nerve grafting it was 44.4%.
Specifically, regarding the comparison between the C5 nerve grafting to the musculocutaneous nerve and each individual common intraplexal nerve transfer in elbow flexion restoration, the following results were obtained: restoration (14) . It should be noted that the re-innervated biceps muscle contributes to the shoulder stability and provides active external rotation due to the action of its long head.
Thoracodorsal Nerve Transfer
The thoracodorsal nerve derives from the posterior cord and receives fibers from the eighth, the seventh, and sometimes the sixth cervical nerves. It is a motor nerve that innervates the latissimus dorsi muscle. The mean surgically useable length of the nerve is 12.3 cm (from 8.5 to 19.0 cm). The diameter of the nerve ranges from 2.1 to 3 mm (24,26 27) , with 1530 to 2479 myelinated fibers (24, 26, 27) . Thus, the thoracodorsal nerve may be an excellent donor in motor nerve transfers.
The thoracodorsal nerve has a sufficient number of motor axons for the re-innervation of the biceps and brachialis muscles, without a need for neurolysis and exclusion or redirection of the lateral antebrachial cutaneous sensory nerve fibers (26, 36) . Accordingly, we consider that there is no demand for augmentation by additional nerve transfer to the brachialis muscle as proposed by Tung et al. (36) . Nevertheless, nerve anastomosis should be done distally of the branches to the coracobrachialis muscle, because this muscle is not crucial for elbow flexion. In a greater number of cases, with extended upper brachial plexus palsy involving the C7 spinal nerve, or injuries to the middle trunk and posterior cord, the thoracodorsal nerve is not useful (26) .
We consider that, in seriously weakened arm and shoulder movements, additional palsy of arm adduction and internal rotation due to the loss of the latissimus dorsi is a tolerable sacrifice (26, 30, 38 The musculocutaneous nerve contains approximately 6000 axons and up to 5000 of them are motor axons. The motor branch to the biceps muscle contains an average of 1840 axons and the motor branch to the brachialis muscle 1826 axons (29) . Accordingly, these branches are ideal recipients in all distal nerve transfers. It should be emphasized that excellent results could be achieved through the re-innervation of the whole musculocutaneous nerve. This fact contributes to the important role of the biceps muscle in elbow flection, since the proximal muscle attracts the majority of axonal sprout.
Regardless of the method used in nerve transfer, the ideal timing has not yet been established. What is certain is that the target muscle should be re-innervated within the period of 12 to 18 months after injury in order to avoid irreparable atrophy and the loss of motor end plates. Therefore, there is a possibility for late distal nerve transfer.
Considering the biceps muscle as primarily forearm supinator and secondarily elbow flexor, and the brachialis muscle as the primary elbow flexor, Tung et al. (36) proposed separate neurotisation of these muscles to maximize the potential for restoration of strong function. However, it is not absolutely certain which of them is a better target for elbow flexion (26) (27) (28) . Moreover, in cases with predominant innervation from the C7 spinal nerve root, the function of synergistic muscles such as the teres major muscle may be partly maintained. Also, a part of function of the pectoral muscles may be saved due to multiple innervation model of the pectoralis major muscle, since the usual origin of the lateral pectoral nerve is from the C5 to C7 spinal nerves, with the mean percentage of supply for pectoral muscles from the C7 spinal nerve amounting to 50%. Functional preservation is also possible by distal sectioning and sparing some of the branches (13). Our results, as the results in some other published articles, showed that the remaining branch or branches mostly produce strong contractions of the pectoral major muscle (13) . End to side neurorraphy is also possible for functional protection of the donor nerves (3), but only Wellons et al. applied this technique in one case of the medial pectoral to the musculocutaneous nerve transfer (26, 38) .
Brandt and Mackinnon used a modified technique of anastomosis distal to the branches to the coracobrachialis muscle, in which they divided and re-directed the lateral antebrachial cutaneous nerve to the biceps muscle (21, 26) . Using this technique, they avoided wasting motor nerve fibers for the re-innervation of the functionally unimportant coracobrachialis muscle and their ingrowth into sensory endoneural tubules, thus achieving anastomosis as close as possible to the biceps muscle branch. Tung et al. used this nerve for the re-innervation of the brachialis branch of the musculocutaneous nerve in combination with the Oberlin procedure, and achieved re-innervation that was comparable to that of the biceps muscle in all six cases (26, 36) . They stated that neurolysis and exclusion of the sensory component was not necessary with this method. Although the homolateral use of the medial pectoral nerve is controversial because the potential absence of arm adduction may be very disabling, the obtained useful functional recovery of elbow flexion in 80% to 100% of cases (averaging at about 90% according to the majority of reports) supports the use of this method. In our study, we obtained satisfactory functional recovery in 94% of the cases with the medial pectoral nerve transfer to the musculocutaneous nerve.
Fascicular Nerve Transfer -Oberlin Procedure
There are three modalities of fascicular nerve transfer: The general characteristics of fascicular nerve transfers are the following:
l A large number of motor fibers, applying a modified technique, i.e. independent transfer of the thoracodorsal divisions to the biceps and brachialis branches of the musculocutaneous nerve (26) . They achieved M4 and M5 grades in their five cases. Finally, Tung at al. (36) used thoracodorsal nerve in re-innervation of the brachialis branch of the musculocutaneous nerve, and they achieved good results. In recent publications reporting the usage of the thoracodorsal nerve in the re-innervation of whole musculocutaneous nerve, 100% rate of useful functional recovery was obtained (23, 26) . In our study, we also obtained satisfactory functional recovery in 100% of the cases with the thoracodorsal nerve transfer to the musculocutaneous nerve.
medial Pectoral Nerve Transfer
The medial pectoral nerve originates from the anterior part of the inferior trunk and gains nerve fibers from the C8 and Th1 spinal nerves. This motor nerve is also engaged into the function of the upper extremity and it innervates the sternal part of the pectoral major muscle (13, 26) . The nerve ends in the pectoralis muscle with two or three branches (26, 38) .
The surgically useable length of the nerve ranges from 30 to 78 mm (13) . Still, this length may be expanded by dissecting terminal branches and their section close to the pectoral muscle. The mean diameter of the medial pectoral nerve ranges from 1.5 to 2.5 or 2.7 mm (13, 24) , with the number of motor fibers from 1170 to 2140 in the main trunk (24) and 400 to 600 fibers in a muscular branch (14) . Thus, the medial pectoral nerve is an important donor for motor nerve transfer, particularly considering the number of motor nerve fibers.
There are three main surgical problems in performing anastomosis, especially to the musculocutaneous nerve; variations in the diameter of the nerves, the inadequate length of the medial pectoral nerve for direct anastomosis, and its functional preservation (26) .
In case of diameter mismatch, some authors have sutured the medial pectoral nerve to the fascicle of the musculocutaneous nerve, or have used an epineural suture over a part of the musculocutaneous nerve cross-sectional area (13) . In the larger part of our cases, we removed the fascicular epineurium of the recipient nerve and bundled the medial pectoral nerve with the branch of the pectoral ansa in order to solve this problem. We have also bundled several branches of the medial pectoral nerve in a common trunk using fibrin glue (25, 26) .
The ideal nerve transfer includes direct nerve anastomoses among the donor and recipient nerves. But, in one third of the cases, the length of the medial pectoral nerve is insufficient for tension-free direct anastomosis with the musculocutaneous nerve, with the average length of gap approximately 15 to 20 mm (3, 24, 26) . This problem may be solved with the retrograde split of the musculocutaneous nerve into the lateral cord, the distal section of the medial pectoral nerve branches (13) , the dissection of the nerve trunk from its branch to the pectoral ansa (34) , and the section of the arcade between the pectoral nerves (13, 25, 38) .
Similarly to the transfer of the thoracodorsal nerve, we consider that additional palsy of arm adduction and internal rotation is Bentolila et al. presented that nerve grafts longer than 7.2 cm were accompanied with the worse results related to short grafts; long nerve grafts to the musculocutaneous nerve may be subject to the attenuation of nerve regeneration potential, especially if performed more than six months after injury (4) . In our study, we performed grafting of the C5 to the musculocutaneous nerve. The average length of nerve grafts was 10.0±1.3 cm. We obtained satisfactory functional recovery in 44.4% of the cases.
█ CONClUSION
Previous studies have shown that nerve transfers give better results than nerve grafting in treating patients with upper brachial plexus palsy (10) . Our study also favors intraplexal nerve transfers over nerve grafting in elbow flexion restoration in upper brachial plexus palsy. Namely, we achieved satisfactory functional recovery in 29 of 30 patients (96.7%) in whom we performed common intraplexal nerve transfers, while we achieved functional satisfactory recovery in 4 of 9 patients (44.4%) in whom we performed nerve grafting from C5 to the musculocutaneous nerve.
Concerning elbow flexion recovery, our study shows that there is a significant statistical difference between the two groups of patients -one with nerve grafting and the other with common intraplexal nerve transfers -in favor of common intraplexal nerve transfers (p=0.001; p<0.05).
More specifically, in cases of upper brachial plexus palsy without any sign of viable proximal C5 stump presence, intraplexal nerve transfers are the primary treatment modality without any doubt. However, cases of upper brachial plexus palsy with signs of viable proximal C5 stump are still controversial regarding the choice of the best treatment modality.
On the one hand, nerve transfers afford more regenerating nerve fibers, a shorter distance which they have to pass and fewer suture lines which they have to overcome, so chances to obtain satisfactory functional recovery are higher (especially in cases presented six months or more following the injury), but they are accompanied with additional neurological deficit due to the harvesting of a functional intact nerve as a donor. On the other hand, nerve grafting -in spite of additional suture junction, the devascularized autogenous graft, and/or the required extra regeneration distance (which diminished outcomes) -could afford satisfactory functional recovery without any additional neurological deficit and without any need for brain plasticity and central re-education of movements.
In sum, despite evident advantages of nerve transfers in elbow flexion restoration, in cases of upper brachial plexus palsy with viable proximal C5 stump, we still need to think about which method to use -a particular nerve transfer, nerve grafting, or a combination thereof. The choice of treatment modality largely depends on the surgeon's experience and his/her preferred method.
Our study provides a contribution towards dealing with this dilemma, in view of the multiple treatment modality choices. Clearly, the number of patients included in this study (operated Proper selection of donor fascicles may require dissection over several centimetres that may be limited due to plexus formation.
In the Oberlin procedure, one or two fascicles (approximately 10% of the ulnar nerve cross-sectional area) innervating the flexor carpi ulnaris muscle are commonly used as the donor (22) . The average number of axons per ulnar nerve fascicle is 1318 (29) , which is sufficient for the re-innervation of the biceps muscle nerve branch. However, Teboul et al. (34) used three fascicles, and Ferraresi et al. (8) used 25% of the ulnar nerve cross-sectional area in the transfer to the entire musculocutaneous nerve with similar results. The rates of recovery range from 75% to 94% in the majority of publications (7) (8) (9) 12, 16, 17, 30, 31, 33, 34) . In our study, we obtained satisfactory functional recovery in 100% of the cases with the Oberlin procedure.
C5 Nerve Grafting to the musculocutaneous Nerve
The proximal stump of C5 is used as a donor to the musculocutaneous nerve. According to the functional priorities, the most common recipient nerves are the upper and trunk, its anterior and posterior division, the musculocutaneus nerve, the axillary nerve and the suprascapular nerve.
We have to emphasize that there is very little data available regarding the comparison between the two strategies for grafting from the proximal stump of C5. The first strategy includes grafts attached to the proximal divisions of the brachial plexus (anterior division of the upper trunk), whereby grafts are shorter but the dispersion of regenerating axons is larger. The second strategy includes grafts attached to the terminal branches of the brachial plexus (the musculocutaneous nerve), whereby grafts are longer but the dispersion of regenerating axons is smaller.
